Although Escherichia coli has been used as an indicator to examine fecal contamination of aquatic environment, it also has been reported to become naturalized to secondary habitats, including soil, water and beach sand. A total of 2880 E. coli isolates obtained from surface water and sediment samples from the Yeongsan River in 2013 were genotyped by using the horizontal fluorophore-enhanced rep-PCR DNA fingerprinting technique. Although different E. coli genotypic groups were observed between surface water and sediments in the dry season, they were mingled and undifferentiated from each other in the rainy season. This indicates that there are frequent sediment resuspension events in the river basin. Moreover, the genotypic composition of the E. coli population in the Yeongsan River basin changes over months and years, implying that genotypic structure of E. coli populations dynamically fluctuates in the river environment. Consequently, our data suggests that the use of E. coli libraries for fecal source tracking needs to be reassessed to account for the changing structure of riverine E. coli populations.
INTRODUCTION
Escherichia coli is thought to be a commensal bacterium mainly residing in the intestine of warm-blooded animals, including humans, and is often discharged into the environment through feces (Savageau 1983 ). Common secondary habitats from which E. coli is found include surface and ground water, sediment and a variety of domestic and agricultural environments (Bergholz, Noar and Buckley 2011) . Escherichia coli has been employed as one of the primary indicators to examine fecal contamination of food and water since E. coli was thought to be specific to feces of warm-blooded animals and it was thought to not survive well in the nonhost environments (Winfield and Groisman 2003) . However, several recent studies have reported that some specific strains of E. coli can survive for long periods of time and reproduce in secondary habitats (Byappanahalli and Fujioka 1998; Byappanahalli et al. 2006; Ishii et al. 2006; Sadowsky and Whitman 2011) .
The surrounding environmental conditions have been suggested to influence the genotypic traits of E. coli in external environments (Dombek et al. 2000) . Previously, it was observed that E. coli populations in surface water of the Yeongsan River in South Korea genotypically varied by environmental conditions, especially water temperature (Jang et al. 2011) . Taken together, the genotypic structures, which are the genotype compositions of E. coli strains among their populations, in the nonhost environments can be altered by abiotic and biotic factors, and the population structure of E. coli outside of an animal host likely reflects specific environmental conditions.
Previous studies have reported that indicator microorganisms have a tendency to survive in sediments longer than in water (Burton, Gunnison and Lanza 1987; Davies et al. 1995) . Fecal bacteria residing in sediments can be protected from UV radiation (Bitton, Henis and Lahav 1972) and attack by bacteriophages (Roper and Marshall 1979) . Moreover, sediment particle can supply nutrients to fecal bacteria (Davies et al. 1995) . The fairly constant persistence levels of the bacteria in sediments may be the result of a balance between their growth and predation in their stable and protective habitat (Marino and Gannon 1991) . Some sediment-borne E. coli populations may be genotypically distinguishable from waterborne strains since environmental conditions of sediments are different from the water column. Although previous studies have examined the association between sediment-and water-borne E. coli strains, to link persistence of E. coli strains to water impairments (Lu et al. 2004; Muirhead et al. 2004; Jamieson et al. 2005a; Lee et al. 2006; Wu et al. 2009 ), few studies have described genotypic relatedness between E. coli populations in surface water and sediment that vary according to environmental changes.
The horizontal fluorophore-enhanced rep-PCR (HFERP) DNA fingerprinting technique enables strain level genotyping of E. coli (Johnson et al. 2004; Ishii and Sadowsky 2009 ). Since rep-PCR DNA fingerprint patterns are susceptible to alteration of microbial genome structure, the technique can be used to study plasticity, molecular phylogeny and evolution of microbial genomes (Ishii and Sadowsky 2009 ). In a previous study, the HFERP DNA fingerprinting technique was used for high-resolution genotyping of 3480 E. coli isolates, resulting in assignment of 1749 genotypes (Jang et al. 2011) . Furthermore, statistical tools, such as multidimensional scaling (MDS) and Jackknife analyses, based on the similarities between the HFERP DNA fingerprinting patterns of the E. coli strains, have been successfully used to study the population structure and genetics of E. coli related to environmental conditions (Jang et al. 2011 (Jang et al. , 2014 .
In this study, 2880 E. coli isolates were obtained from surface water and sediment samples from the Yeongsan River basin in 2013 and genotyped by using the HFERP DNA fingerprinting technique. MDS analysis was subsequently used to discriminate between E. coli genotypic groups in the populations based on their DNA fingerprint patterns. The underlying hypothesis was that E. coli strains in the river water and sediments should show HFERP DNA fingerprinting patterns which are specific to their environmental conditions, and E. coli genotypic structures might be altered via the influence of environmental factors. The (Jang et al. 2011) .
MATERIALS AND METHODS

Collection of environmental samples and isolation of E. coli strains
Surface water and sediment samples were collected, bimonthly from February to December 2014, from five sites located in the Yeongsan River basin, South Korea. The sampling locations YS1, YS2 and YS4 were located in agricultural areas downstream of the sub-basin tributaries of the Yeongsan River. Sites YS3 and GJ1 are influenced by activities of Gwangju city (population size 1.5 million). Surface water samples were collected in sterile 500 ml bottles, and sediment samples on the river bottoms were collected at the same time by using a 'Ponar Grab Sampler' (EcoEnvironmetal Co. Ltd, WA). All environmental samples were transported to the laboratory and processed for E. coli isolation within 12 h. The E. coli most probable number (MPN) values were obtained from the environmental samples by using the Colilert (IDEXX Laboratories, Inc., Westbrook, MN) system and Quanti-tray/2000 trays as described in previous study (Jang et al. 2011) . Moreover, the Nephelometric Turbidity Unit (NTU) values of surface water samples were measured using the Waterproof Portable TN100 (Eutech Instruments Pte Ltd, Singapore) at the same time with the sample collection.
A total of 2880 E. coli strains were isolated from surface water and sediment samples. Escherichia coli isolates from surface water samples were obtained by using the membrane filtration technique according to USEPA method 1603 (USEPA 2006). Water samples were passed through 0.45μm membrane filters (Advantec, Tokyo, Japan), and were incubated on modified mTEC agar (Difco, Detroit, MI) plates for 2 h at 35
• C, and then for 16 h at 44.5
• C. Colonies showing red or magenta color were restreaked onto modified mTEC agar plates for single colony isolation. Sediment samples were first extracted using ammonium phosphate buffer to release E. coli cells as previously described (Ishii et al. 2006) . Soil extract supernatant (10 ml) was filtered through 0.45μm membrane filters (Advantec, Tokyo, Japan), and filters were incubated on modified mTEC agar (Difco, Detroit, MI) plates for 2 h at 35
• C. The identity of potential E. coli isolates was confirmed by using ChromAgar ECC (Chromagar Microbiology, Paris, France) (Dombek et al. 2000) . Forty eight E. coli isolates per sample were transferred to LB freezing medium (Sambrook and Russell 2001) and stored at −70
• C until processed.
HFERP DNA fingerprinting technique
HFERP fingerprinting technique was performed to genotype E. coli strains examined in this study as described previously (Johnson et al. 2004; Jang et al. 2011) . Briefly, E. coli colonies formed on LB agar plates were suspended in 100 μl of 0.05 N NaOH, and were lysed at 95
• C for 15 min. Cell debris was precipitated by brief centrifugation, and the supernatant was Downloaded from https://academic.oup.com/femsec/article-abstract/91/11/fiv127/2467454 by guest on 14 October 2018 used as a DNA template for PCR using the BOX A1R (5 -CTACGGCAAGGCGACGCTGACG-3 ) primer labeled with 6-FAM (6-carboxyfluorescein; Genotech Co. Ltd, Korea) as previously described (Johnson et al. 2004; Jang et al. 2011) . HFERP DNA fingerprints were normalized and analyzed using the Bionumerics v.6.01 software (Applied Maths, Sint-Martens-Latem, Belgium) as described previously (Johnson et al. 2004; Jang et al. 2011) . Banding patterns were calculated using the curve-based, Pearson's product moment correlation coefficient, and cluster analysis was performed by using the unweighted pair-group method with arithmetic mean (UPGMA). Strains were considered identical if average similarity values were ≥92% (Byappanahalli et al. 2006; Ishii et al., 2006 Ishii et al., , 2007 Unno et al. 2009 ). DNA fingerprints were grouped by using MDS (Boon et al. 2002; Steyvers 2006) and Jackknife analyses.
Self-organizing maps
Self-organizing maps (SOMs) analyses using the SOM Toolbox implements (Laboratory of Computer and Information Science, Helsinki, Norway) of Matlab 2009b (MathWorks, Natick, MA) were used to visualize correlations between E. coli genotypes, E. coli total population and turbidity among the surface water samples. The visualized map images, which were automatically optimized at 30 SOM cells, were generated with minimum quantization error (QE) (0.328) and the least topographic errors (TE) indicating reliable resolution and topology conservation of the SOMs analyses. The water quality parameters such as numbers of E. coli genotypes, E. coli MPN and turbidity (NTU) value were used as input variables to describe data columns used for the SOMs analyses. Borders between possible groups existing in the map were determined by a hierarchical cluster analysis, and clusters were defined as units of the map based on the similarities of the descriptors in the hexagonal SOMs cells. SOMs analyses have been already described well in previous studies (Jang et al. 2011 (Jang et al. , 2014 .
RESULTS
Genotypic separation of E. coli between surface water and sediment samples MDS analyses were performed to investigate the genotypic relatedness of E. coli strains obtained from surface water and sediment. Results in Fig. 1 show that the E. coli HFERP DNA fingerprint patterns of E. coli obtained from surface water and sediment grouped separately in February (Fig. 1A) , October (Fig. 1E) and December (Fig. 1F) . In contrast, undifferentiated HFERP patterns were observed in April (Fig. 1B) , June (Fig. 1C) and August (Fig. 1D) . Similar groupings were observed from the results of MDS analyses performed on fingerprints from E. coli obtained for each sampling location and month (see Figs S1-1 and S1-2, Supporting Information). Most of the MDS results from February, October and December show the genotypic separation between E. coli groups from surface water and sediments ( Fig. S1 -1, Supporting Information). However, these groupings were not shown, in most cases, in April, June and August ( Fig. S1-2 , Supporting Information). Moreover, Jackknife analysis supported MDS results and showed that the percentages of E. coli strains correctly assigned to their own environmental groups in February, October and December were comparatively higher than those 
Temporal changes of genotypic composition E. coli populations
As shown in Fig. 2 , the number of E. coli genotypes from surface water and sediment in October, December and February were lower than that found in April, June and August. The variation in E. coli genotypic diversity shown in Fig. 2 appears to be similar with results seen in a previous study (Jang et al. 2011) , which reported that genotypic richness of E. coli in the Yeongsan River basin seasonally changed according to water temperature. Figure 3 shows the result of MDS analysis of HFERP DNA fingerprint patterns of E. coli obtained from sediments of October, December and February 2013. Interestingly, E. coli genotypes obtained in February formed their own group and were distinguishable from genotypes identified in samples obtained in October and December (Fig. 3) . The result of Jackknife analysis shown in Table 2 ). The MDS results in Fig. 4 show two E. coli genotype groups from 2013, comprised of strains from February and those from October and December strains. Moreover, Jackknife analyses supported the MDS result, indicating that February strains showed a higher percentage of correct assignment to their own group (83.3%) than did the October and December strains (67.5% and 76.7%) ( Table 2) . These results are consistent with the observations provided by sediment E. coli strains as described above. In contrast, HFERP DNA fingerprint patterns of E. coli strains obtained from surface water and sediment samples of April, June and August were diversely distributed as seen using MDS analysis, with limited groupings (data not shown). Remarkable changes in the population structure of E. coli were observed in the MDS result shown in Fig. 5 , indicating that there was a clear separation of HFERP DNA fingerprint patterns among E. coli strains obtained from 2009 and 2013. Interestingly, the 2880 E. coli strains examined in this study did not group well with 3480 E. coli strains obtained at nearly the same site in 2009 (Jang et al. 2011) (Fig. 5) .
Correlations between genotypic diversity and total number of E. coli associated with turbidity of surface water
Correlations between E. coli genotypes, E. coli total population and turbidity among the surface water samples collected from 2013 were statistically analyzed and shown in the results of SOMs analyses (Fig. 6) . A hierarchical cluster analysis (Fig. 6A ) revealed four clusters existing on the map, and surface water samples were assigned into SOM cells (Fig. 6B ) based on the similarity among their input variables such as number of E. coli genotype, E. coli MPN and turbidity (NTU) values. As shown in Fig. 6A , the clusters A1 and A2 are most closely related to each other rather than the clusters A3 and B1 showing less relatedness to others, respectively. Most of surface water samples collected from June and August are assigned to the clusters A1 and A2, indicating these water samples share similar values of their input variables (Fig. 6B ). According to the results shown in Fig.  6C , high turbidity value, the decisive factor determining the cluster A2, shows positive correlation to high number of E. coli genotype determining the clusters A1 and A2. However, E. coli MPN value does not seem to show any correlations to the other variables.
Taken together, water samples collected from June and August tended to show high E. coli genotype number and turbidity value, suggesting that high concentrations of suspended solids in water would be one of the reasons increasing E. coli genotypic diversity in the Yeongsan River.
DISCUSSION
Previous studies reported that sediments serve as a hospitable environment for bacterial survival in the environment due to the availability of nutrients (Jamieson et al. 2005b ) and protection from UV sunlight (Koirala et al. 2008) . Along these lines, several studies have reported that populations of fecal bacteria in sediment can be 10-10 000 times greater than that found in the overlying water (Buckley et al. 1998; Crabill et al. 1999; Davies and Bavor 2000) . Fecal bacterial numbers in the water column can vary, and storms, tides or strong winds cause sediment resuspension, increasing fecal bacteria levels in the water column (Bai and Lung 2005) . As shown in Fig. 7A , the flow rate of the Yeongsan River in February, October and December, which are the months showing genotypic separation between water and sediment-borne E. coli strains, was comparatively lower than that found in April, June and August. Consequently, the flow rate increase found in the Yeongsan River during the rainy season probably enhances sediment resuspension, resulting in genotypic exchange between E. coli communities of surface water and sediments. Thus, the MDS shown here describing the genotypic separation between E. coli populations in surface water and sediment could likely be affected by the flow rate of the Yeongsan River, which is related with seasonal alteration of rainfall in the study area (Fig. 7) . In contrast, low flow rate of the river in the dry season is likely not strong enough to resuspend sediments so that sediment-borne E. coli populations maintain their genotypic structure. Although genotypic richness of E. coli in the Yeongsan River basin has been previously reported to be affected by physical parameters, such as water temperature (Jang et al. 2011) , seasonally varied bacterial resuspension between water and sediments also seems to be one of environmental factors affecting the number of E. coli genotypes in the river. Moreover, the mingled E. coli genotypic structure found between the water and sediment might increase the numbers of the E. coli genotypes in the rainy season months.
Escherichia coli strains obtained in February would be different from those obtained in October and December since the long scale time period of 8 months likely leads to a change in the E. coli population structure in the environment. Warm and rich-nutrient conditions of the river in April, June and August probably enhanced the genotypic richness of E. coli strains (Jang et al. 2011) , while the colder months of October, December and February likely lead to a low level of genotypic diversity of the E. coli population in the environment. This can be seen in the MDS analyses presented. Furthermore, the complete genotypic change of E. coli populations between 2009 and 2013 years suggests that the river environment is never static, despite the fact that sampling was done in the same geographical area with similar seasonal conditions. Analyses of E. coli populations in surface water and sediments revealed the total genotypic alteration of the E. coli populations of the Yeongsan River basin changes monthly and yearly. While results of this study provided evidences of genotypic alteration of E. coli strains, we assumed that continual introduction of different E. coli genotypes into the river environment via fecal contaminant input over time might alter the E. coli genotypic structures. The adaptive mutation in the genomes of the E. coli strains driven by the environment, which is well described in the previous studies (Elena and Lenski 2003; Barrick et al. 2009 ), could be another explanation for the E. coli genotypic structure change. Genetic information on how E. coli populations genetically adapt to secondary environmental habitats is currently insufficient to fully explain the population genetics of the E. coli strains. Thus, further investigation of genomic DNA sequence variation among the E. coli strains examined in this study will likely provide in-depth information about the genotypic changes imparted by environmental conditions of the river.
